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RESUMO

A investigacdo na area do armazenamento e conversdo de energia tem sido crescente ao
longo dos dltimos anos. Devido ao esforgo constante para um mundo cada vez mais sustentavel,
torna-se importante fornecer sistemas de conversao de energia fidveis e eficazes para inimeras
aplicacBes. Neste sentido, os supercondensadores tém tido uma extensa investigacao, permitindo
gue sejam vistos como uma alternativa para substituir baterias em tecnologias como o arranque
de motor, entre outras.

Os materiais para a construcdo destes dispositivos estdo exaustivamente estudados na
literatura. No entanto, processos como as técnicas de revestimento e as técnicas associadas a mon-
tagem dos dispositivos necessitam de ser aprofundados para a produgdo a uma larga escala. Um
passo critico no aumento da escala sdo 0s pré-tratamentos que sdo feitos nos substratos (coletor
de corrente), para uma melhor ades&o entre o material ativo e o substrato condutor, que por norma
é uma superficie lisa. O objetivo deste trabalho foi, neste sentido, de aumentar a adesao da chapa
de niquel ao material ativo.

Para tal, diferentes técnicas de etching foram aprofundadas. O etching quimico foi estu-
dado, obtendo a solu¢do com a melhor performance e otimizando os parametros das diferentes
solugdes testadas. Processos complementares como a calandragem e o screen-printing foram tam-
bém analisados. Para além disto, o etching fisico foi estudado, otimizando os pardmetros usados.
Os elétrodos produzidos através destas técnicas foram estudados através de SEM, AFM, angulo
de contacto, teste de corte transversal e analise eletroquimica.

A melhor performance foi obtida com a solucéo acida FeCls a 15% em &gua desionizada,
que permitiu reduzir a resisténcia interfacial de 0.021€2 numa chapa de niquel limpa para 0.008Q
na amostra que sofreu o etching. Isto representa uma redugdo de 2.6 vezes. Para além disto, a
capacitancia aumentou em 51%, de 16.5F na chapa de niquel limpa para 25F na amostra que
sofreu o etching.

Assim, este trabalho permitiu obter a melhor solu¢do para aumentar a rugosidade da
chapa de niquel. Foi também possivel provar que o aumento da rugosidade leva a um aumento da
performance do supercondensador, através da diminuicdo da resisténcia interfacial e aumento da
capacitancia.

Palavras-Chave: armazenamento de energia, supercondensadores, coletor de corrente, chapa de
niquel, adesdo, etching, resisténcia interfacial







ABSTRACT

A lot of research is being focused on the field of energy storage and conversion nowadays.
It is very important to provide energy conversion and good storage systems for many applications.
Batteries and supercapacitors are thus receiving a lot of attention. The past research on superca-
pacitors allowed them to be widely seen as an alternative for high-power applications to replace
batteries in technologies as important as UPS, car regenerative breaking, and engine starting.

Literature highlights a vast range of potential materials but scarcely addresses the scaling-
up manufacturing process of supercapacitors. A critical step during manufacturing is substrate
pre-treatments, required for adequate adhesion of the active material on the conductive substrate,
that tends to be smooth with low roughness. In this thesis, etching technigues on nickel foil sub-
strate have been tested to increase the surface roughness and improve the adhesion.

For this purpose, different etching techniques were studied. Chemical etching solutions
were considered, obtaining the best performing one and optimizing the etching parameters for the
studied etchant solutions. Complementary to this, techniques like screen-printing and calendaring
were also performed and tested with the chemical etching. Also, dry etching was studied aiming
to optimize its parameters. The performance of these etched electrodes was evaluated through
techniques as diverse as SEM, AFM, contact angle, cross-cut test, and electrochemical analysis.
The best performance was achieved with the acidic solution FeCls at 15% in DI water, reducing
the interfacial resistance from 0.021€Q in a clean nickel foil substrate to 0.008€2 in an etched sam-
ple, making it 2.6 times smaller and thus proving that this etching increased the adhesion. Fur-
thermore, there was also a 51% increase in capacitance, from 16.5F to 25F in the etched sample
over 2000 cycles.

Overall, this work allowed to obtain the best etchant to increase the roughness of the
nickel foil. This roughness increase proved to enhance the supercapacitor performance, diminish-
ing the ESR and increasing the capacitance.

Keywords: energy storage, supercapacitors, current collectors, nickel foil, adhesion, etching,
ESR.
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SYMBOLS

MM — micrometer
A - Ampers

Al — Aluminium
Ar — Argon

cm — centimeter

Cu — Copper
F — Farad
Hz — Hertz
Ni — Nickel
m — meter
M — Molar

min — minutes
mm — Millimeter
mL — Milliliter
mTorr — Militorr
nm — nanometer
s —seconds

S — Siemens

scmm — standard cubir centimenter per minute

Ti — Titanium
V —Volts
W — Watts

Kg — kilogram

°C - Degrees Celsius

Q - ohm
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MOTIVATION AND OBJECTIVES

The uncontrolled usage of fossil fuels over the last decades has increasingly contributed to the energy
crisis, causing surmounting visible environmental problems never seen before. Therefore, it is of utmost ne-
cessity to develop and investigate efficient ways not only to harness energy from renewable sources but also
to store them in efficient and robust ways that will consequently propel stable economic growth and techno-
logical evolution [1, 2].

The efforts towards a switch from the use of fossil fuels to renewable energy are already being actively

done, as can be seen in Figure 1[3]. Today, 26% of the world’s electricity is harnessed from renewable energy
and is expected to reach 30%, at the increment rate of 1% each year, by 2024 as stated by the International
Energy Agency (IEA). These transformations will lead to a substantial reduction in the use of hazardous raw
materials and in the quest to find green and sustainable replacements [4]. It will also accelerate the aim towards
reaching carbon neutrality by 2060, as proposed in the Paris agreement. The main drawback that comes with
the benefits of renewable sources of energy is its intermittent availability in nature. These drawbacks can be
overcome by developing reliable, efficient, and robust energy storage systems (ESS) whose applications range
from storing renewable energy to the demanding electrification of vehicles [1].
The most commonly used and growing technologies related to ESS are batteries and supercapacitors (SC).
Batteries are the most dominant technology in the market and are still expected to grow at an annual growth
rate of over 12,31% until 2025[5,6]. However, supercapacitors have also started to gain a significant market
share. Its market was valued at USD 887 million in 2020 and is expected to rise up to USD 1.869 million by
2026 [5]. This is mainly because of its advantageous properties such as high-power delivery rate, longer cycle
life, improved safety, and low environmental concerns in contrast to batteries [7,8]. Nonetheless, its low energy
density (ED) still requires improvement along with reduction in production costs. There are several possible
ways proposed in literature to improve the ED. The most prominent one is to improve the specific surface area
of the active material [9]. It is important to have a high specific surface area but more importantly, the active
material should have good adhesion to the current collector to boost both energy density as well as power
delivery rate. Better adhesion also minimizes the equivalent series resistance (ESR) and thereby improves the
power delivery rate along with improved cycle life.

For that reason, this thesis work aims to improve the adhesion of the active material, in this case,
activated carbon, to the Nickel foil (Ni-foil) current collector. To accomplish the goal, different etching
techniques were applied to increase the roughness of the plain current collector surface.

Forecast of World Energy Consumption

& Fossil Fuels

& Non FF

Exajoules per Year

O O O ©o © O O o o 9 9o o
8 2 2 8 8 § 3 &8 & 8 8 &
- o o e o o e - - N NN

Figure 1 - World energy consumption of fossil fuel and non-fossil fuels [10].



1 INTRODUCTION

It is predicted that two-thirds of the total energy supply will be achieved from renewables by 2050 [10].
This shift has led to exponential advances in the technological developments of energy storage [11, 12]. This
section provides a brief introduction to the different ESS and the importance of the adhesion of active material
to the current collector.

1.1 TYPES OF ENERGY STORAGE DEVICES

Energy storage systems (ESS) are capable of storing and converting the energy in different forms. The
stored energy can be further used depending on the required applications [13]. The types of energy storage
devices will be detailed in the this sections [14, 15].

Electrochemical and electrostatic energy systems are mainly composed of batteries, capacitors, and super-
capacitors. These can be further divided into others that will be detailed throughout this work. The Ragone
plot which describes the power vs. energy characteristic properties of different devices is demonstrated in
Figure 2a), showing the differences in their energy storage capabilities and power delivery rate. These differ-
ences originate mainly from the mechanism involved in the charge storage processes [16].
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Figure 2- a) Ragone plot with specific power vs. specific energy of the above-mentioned energy storage devices; b) components
of a typical energy storage device. Retrieved from [12]

1.1.1 Batteries

Batteries convert electricity into chemical energy. They are generally composed of an anode and cathode
separated by ion conducting polymeric separator immersed in suitable electrolyte [15, 17, 18]. The chemical
reactions responsible for energy storage in these systems happen in the entire bulk of the material and thereby
they possess high energy density. However, these benefits bring other challenges such as their limited rate
performance, low power capabilities, and short cycle life, highlighted in Table 1 [19, 20].

Li-ion batteries are the most studied and researched among the battery types. However, they have serious
shortcomings such as the use of flammable and toxic organic electrolytes, recycling scheme, and high cost
[21].

Another type of battery widely used is the lead-acid battery. These batteries are not environmentally de-
sirable, given that lead is a toxic heavy metal that can contaminate and damage ecosystems [22, 23]. Never-
theless, they still occupy a large segment in the market and are indispensable in many applications, mostly due
to its low cost.

1.1.2 Electrolytic capacitors
Unlike batteries, in electrolytic capacitors, the charge storage process is purely physical. These devices
are composed of two parallel plates (usually metals) and a dielectric in between that acts as an insulator. The
capacitance obtained with capacitors is in the range of pico to millifarads per device [12]. Supercapacitors, on
the other hand, can elevate the properties of conventional capacitors and can achieve much higher capacitances

[7].



1.1.3  Electrochemical capacitors

The beginning of the research on electrochemical capacitors, or commonly named supercapacitors
(SC) dates back to 1957 and was first marketed in 1978 [24]. However, these devices have gained more atten-
tion recently. They can either complement or even replace batteries in many applications for example in hybrid
vehicles, where SCs can be implemented to provide fast acceleration or to recover energy from Kinetic energy
when the vehicle breaks [25, 26].

Supercapacitors have a similar architecture to batteries. They have a positive and negative electrode,
electrolyte, separator, current collector, and casing (Figure 2b) [27, 28]. A table with the main differences
between SC and batteries is shown below. Within eletrochemcial capacitors, there are different types of de-
vices, according to its charge storage mehcanism that will be detailed bellow.

Table 1- Comparison of different parameters for supercapacitors and batteries [12, 29, 30]

Parameter Supercapacitor Batteries
Charge storage mechanisms Surface based redox reactions/ EDLC Chemical (faradaic)
Kinetics Moderate to fast (for hybrid SC)
Energy density (Wh kg™) 11010
Power delivered (W kgt) 500-10000
Cycle-life >10 years
Operating voltage determined by Cell/Electrode stability
Safety Yes
Operating temperature (°C) -40 to +85

Cost

i.  Electrical double layer capacitor (EDLC)
In these devices, the charge is stored via physical adsorption-desorption of oppositely charged electrolyte
ions at the electrode/electrolyte interface, forming a double layer upon an applied potential (Figure 3a). The
double layer is formed by a first layer due to the migration of ions into the inner electrode material — the inner

Helmholtz plate (IHP) and the second layer is formed once the counter-ions in the electrolyte are attracted—
outer Helmholtz plate (OHP)[31,32].

ii.  Pseudocapacitor
The prefix pseudo, in these devices, relates to the fact that these materials share most of the character-
istics of a conventional capacitive electrode (the charge stored is linearly dependent on applied potential), but
its charge storage mechanisms are not like EDLC. In pseudocapacitors, the charge storage originates from
electron-transfer mechanisms (fast and successive redox reactions) [33,34], which increase the capacitance.
The reactions that take place in pseudocapacitors are mainly surface-based redox reactions (very fast kinetics)
[35] or intercalation type reactions (electrolyte intercalates into tunnels or layers) [36].

Table 2 - Main advantages and disadvantages of a hybrid supercapacitor compared to a traditional EDLC [40-42]

EDLC ‘ Hybrid supercapacitor Pseudocapacitor ‘
Higher cycle-life

High power density

Temperature independ- Higher energy density Higher energy density
ent
Reversible Linear discharge profile Higher capacitance
Fast Kinetics Higher capacitance -
- Higher operating voltage -
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Figure 3- Types of SC: a) EDLC, b) Pseudocapacitor and c) hybrid device (with the materials that are implemented in this work).

According to its structure, these devices can also be further dividied into symmetric and asymmetric
devices.

a) Symmetric devices
In these devices, both electrodes share the same charge storage mechanism- eletric double-layer capaci-

tance. The electrode materials chosen in these devices should have high surface area, to accumulate as much
charge as possible. Also, materials with an appropriate pore structure are advantageous as it facilitates the
diffusion of electrolyte ions throughout the active material [7]. Carbon-based materials such as graphene and
activated carbon are widely used [12].

b) Asymmetric (hybrid) devices

Asymmetric (hybrid) supercapacitors are devices that combine both moderate energy and high power
(typical in supercapacitors) [12]. The first patent related to hybrid devices surfaced in the mid-"90s [33].

As can be seen in Figure 3c, in hybrid devices, two electrodes possessing different charge storage
mechanisms are combined. In one electrode it stores similarly to EDLC and in the other, it stores similar to
the faradaic redox reactions [29]. Table 2 demonstrates the main characteristic differences among them. Hy-
brid supercapacitors have thus shown to have better performance compared to EDLCs but still require some
improvements [37-39]. One example of a hybrid device is a setup of activated carbon as a negative electrode
and Ni(OH); as a positive electrode and this setup will be used as the basis of all electrochemical tests in this
thesis [33].

1.2 STUDY OF THE CURRENT COLLECTOR (CC)

The continuous pursuit for an enhancement in the hybrid SC properties has led to a thorough study in
recent years on its components (electrode, electrolyte, separator, and current collector). Lukatskaya, M. et al
proposed the elimination of the current collector (CC) using free-standing electrodes[27]. However, this ap-
proach requires different materials with highly conductive properties (such as MXenes). The preparation of
these materials has a very high cost associated and for that reason, the work on improving the CC surface is
another approach just as important. The nature of the CC which holds the active material also plays a critical
role in improving the charge storage performance. The surface modification of CCs is a practical and effective
approach to improve the SC performance [43].

The main function of the current collector is to provide a link between the supercapacitor’s active
material and its external terminals and to provide support to the active material [44]. The electroactive mate-
rial/current collector is a critical interface that plays a very important role in the electrochemical performance
and cycle stability [45], as some studies have already proved [47,48]. Since the electrochemical processes take
place at the surface of the active material, it is important to have a CC that is effective and that has good contact
with the active material. If the adhesion strength to the active material is not optimized, delamination can
occur, thus resulting in capacity loss, increased ohmic resistance, and lower cycle-life [45,49]. The ideal CC
should possess, depending on its application:

(a) High electronic conductivity



(b) low contact resistance with the active material

(c) strong bonding with the electrode material

(d) inert towards the electrolyte

(e) high surface area per unit volume and mass

(f) high mechanical flexibility

(9) lightweight

(h) high thermal stability

(i) environmentally friendly

(1) low cost. [48,50]

The design of the CC to fit applications for flexible supercapacitors is also very important, although
this is not the focus of this work. The study of these properties and consequent refinement decreases the overall
resistance of the device and helps to enable high power which is of prime concern [48,51].
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Figure 4- Materials and treatments done in current collectors. Adapted from [63]

1.2.1 Metal foil-based current collectors

Metal foils are generally used as the CC because of their low price compared to other CCs used (such
as mesh and others illustrated in Figure 4, recyclability, and its inertness towards the electrolyte, and its high
electrical conductivity [51]. Foil materials such as nickel, aluminium, and copper have high electrical conduc-
tivity, desirable for these applications. From the above-mentioned CCs, nickel foil is widely studied at the
academic as well as an industrial level[52]. However, the main challenge associated with it is its high interfa-
cial resistance compared to metal foams [48,53].

The porous nature of metal foams provides an even distribution of the active material inside the current
collector, therefore increasing the contact area and consequently decreasing the contact resistance. On the other
hand, in metal foils, the current collector only exists on the back of the electrode material and therefore the
whole material does not participate in the charge transportation (less contact area), which increases the contact
resistance. Since the primary characteristics considered for current collectors are, among others, high electrical
conductivity and low contact resistance it is very important to find methods to decrease the contact resistance
in metal foils [47].

In the next section, the techniques employed in this work and other possible techniques are enlight-
ened.

1.3 ETCHING TECHNIQUES TO IMPROVE THE ADHESION OF CC/ACTIVE MATERIAL

It is well studied and reported that a good adhesion (through more contact points) can eliminate the
delamination of active material, for example, carbon from the current collector, and can enhance the electro-
chemical performance [45,57]. There are many technologies available to increase the adhesion property. In
this thesis, we have targeted improving it through roughening the surfaces by using chemical etching. It was
achieved by following two different approaches:1) through direct etching of the Ni-foil in different etching
solutions and 2) by doing a selective etching on a pattern adequately created. The etching solution was tuned
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depending on the nature of the current collector surface [55]. Figure 5 shows the main outcomes and ad-
vantages of an etching treatment on the foil surface.

1.3.1 Chemical etching

A very well studied technique is wet chemical etching. Through this straightforward etching process,
it is possible to obtain a rough surface with a high etch rate and relatively fast. However, there are also some
problems associated. Wet chemical etching requires large amounts of acidic solutions for scale-up applications,
and this limits the safety and convenience up to a certain extent. Furthermore, the etching solutions have to be
constantly replaced to keep the same etching rate for different samples, increasing the costs and making the
disposal scheme more troublesome [56]. Some of the factors that can affect the etching are time, temperature,
stirring, etc. In this work, the nickel surface is roughened through chemical reactions that as a starting point
form an oxide layer that then undergoes dissolution in a controlled way. These reactions will be further dis-
cussed in the results section [60,61]. Thus, it is very important to find an adequate etching solution that is both
able to constantly form an oxide layer and then dissolve this layer to make the surface uniformly rough [59].

Literature highlights the favorable outcomes obtained from the chemical etching, and consequently an
improved electrode performance. In some research works, it was possible to infer that etched CC improves the
cycle stability and the cycle life of the device, with no apparent self-discharge [60].

1.3.2 Patterning techniques

Some techniques can be complementary to chemical etching. To achieve a surface that has an ideal
adhesion with the active material coating, pores can be created on this surface with the purpose of making the
active material particles fit perfectly in these pores. This can be obtained with printed techniques, that allow
for a pattern to be created in the foil. Printing techniques are a promising field since they are compatible with
fabrication at a wide range, the process is low cost, and its scale-up is relatively easy. Among these techniques,
screen-printing is a widely used one. The resolution in screen-printing is limited to 50-150 um, making it less
suitable for its utilization for fine features [61]. In screen-printing, an ink is squeezed through a patterned
screen and deposited onto the substrate. The quality of the procedure depends on the screen mesh, the printing
parameters, the substrates, and the resin viscosity [62]. Other noticeable techniques emerging in the SC field
are inkjet printing, roll-to-roll printing, among others [64,66,67].

1.3.3 Dry etching

Over the past few years, plasma processes have found increasing application for surface modification
[55]. Plasma etching is a purely physical process, where the atoms or the molecules of the substrate are knocked
out by kinetic energy[65]. Theoretically, this technique works in every substrate, making it appropriate for
nickel etching [55]. Characteristics such as the capability for large-scale production, low material consump-
tion, and the possibility to have good industrial hygiene (since it is performed in a vacuum chamber and the
operator is not in contact with the reagents) make plasma etching very captivating. Notwithstanding, this tech-
nique is expensive, and the selectivity is very low, providing uneven results. Similar to plasma, lasers have
been applied as a convenient technique to create surface patterns in current collectors [45,69]. The main limi-
tation to scale up some of these processes is its high cost and environmental concerns. Besides, it is very
important to take the promising results in SC cautiously, since the lab-scale is different from the commercial-
ization [67].

Foil After etching

* Roughened surface — higher
surface area

* Improved adhesion

* Risk of contamination

* Improved performance

«  Simple structure
*  Mediocre performance
*  Very low surface area

*  Cheapest material

Figure 5- Main expected characteristics obtained after etching treatments on foil.
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2 MATERIALS AND METHODS

2.1 METAL FOIL PREPARATION

Commercial nickel foil with >99.6% purity and 50 um of thickness was used. The foil roll was cut
into small samples (8.5 x 11.5 cm?). Prior to any experiment, the foil was cleaned using detergent followed by
an ethanol bath and further dried at room temperature.

The steps taken for the sample preparation from the cleaning of Ni-foil to its etching and characteri-
zation are illustrated in the schematic presentation below, Figure 6. The schematic presentation shows that,
after performing the etchings, the samples were either characterized (through SEM; AFM or contact angle) or
were coated with the active material to go on to the electrochemical analysis in a 3-electrode setup and/or

cross-cut test. .
-printing

_ _ Cleaning step
[ Nickel foil with detergent

— 7
=
Y { ¥ \ B

Contact Eletrochemical
angle AFM SEM characterization Cross-cat test

Figure 6- Schematic presentation of steps employed in this work.

2.2 CHEMICAL ETCHING
Several chemical etching solutions were studied, using varied periods of time (1-15 min) and temper-
ature. The etching solutions composition, etching times, and other parameters are detailed in Table 3. The

details of the reagents used can be found in the Annexes (Table 14).
Table 3- Etching solutions, preparation and parameters studied.

Etching solution Solution preparation Etching parameters
HCI/HNOs (Aqua regia) | e« Preparation of 300 mL. e 3minutes
at 4:1 ratio e Pour 60 mL of HNOs into a beaker; e 5 minutes
o Add 240 mL of HCI slowly; 10 minutes
e Let the solution cool for 30 minutes before using.
H2S04/H202/H,0 e Preparation of 300 mL. e 1 minute
(4:1:15) e Pour 150 mL of DI water into a beaker; e 3 minutes
e Add 10 mL of H,O; e 5 minutes
e Add 40 mL of H.SO4 slowly under constant stirring; | ¢ 10 minutes
e The reaction is exothermic, so it is importantto letit | ¢ 15 minutes
cool down before using.
(FeCls) (Iron chloride) | e Preparation of 300 mL for 15% and 30%. e 3 minutes

at 30% and 15% e Pour the DI water into the beaker; e 5 minutes
e Add FeCls to the DI water very slowly and stir for e 10 minutes
10 minutes or until a homogeneous solution is ob-

tained. e 40°C
e 50°C
e 70°C




After each etching step, the samples were put in a DI water bath for 3 minutes followed by an ethanol
bath for the next 3 minutes, and then dried at room temperature.

2.2.1 Screen-printing

Screen-printing was performed prior to the chemical etching. At first, the screen-printing step was
performed using a resin resistant to the chosen chemical etching solution. Afterward, chemical etching was
carried out following the process discussed in the previous section to etch the uncovered metal substrates and
thus achieve the desired pattern. Based on the conclusion from the chemical etching experiments, which will
be detailed in the Results section, FeCls was used as the chemical etchant since it showed better electrochem-
ical performance.

For the screen-printing process, the resin was composed of acrylic (TB 3003 K, ThreeBond), and tita-
nium dioxide (TiO,) nanoparticles (Rockwood) and was printed with the mask provided by CENIMAT-i3N
(FCT-UNL) using a mesh, and then dried at 90°C for 20 minutes. The Ni-foil was patterned with two layers
of resin to ensure the blockage of corrosive acidic solution to the covered part of the foil.

After masking, the samples were etched using 30% FeClsat 70 °C for 5 minutes. Then the samples
were cleaned in a DI water bath for 5 minutes and further dried at room temperature. As a final step, the resin
was removed using an acetone bath where samples were kept for around 15 minutes.

To infer if the mask was well linked to the foil, images from the optical microscope were also taken
(Zeiss Axioscope 5 optical microscope) and are displayed in Figure 27, in Annexes.

2.2.2 Calendaring

In this process, the Ni foil was first calendared and then the chemical etching was done. It was calendered
placing the foil in between Nifoam sheets with two different gaps to obtain two different apparent roughnesses.
A hot roller press machine available at C2C-NewCap was used for the calendaring purpose. Then the etching
was done using H2SO04/H.0./H,0 and FeCls as an etchant solution.

2.3 DRY ETCHING

Dry etching was done using plasma etching equipment (Trion Phantom 3 reactive ion etcher (RIE-
ICP) available in CENIMAT-i3N (FCT-UNL)), which can be operated in CF4, SFg, Ar, and O, gaseous envi-
ronments. Chemically etched foil was also used as a substrate for this etching to improve the roughness further.
Table 4 details the etching conditions.

Table 4- Conditions applied in dry etching

Target Gas Flow rate (scmm) | Power (W) | Pressure (mTorr) Time(min)

Ni foil Argon 15 250 20 30 min each side
Etched Ni foil = Argon 15 250 20 30 min each side

Ni foil 07} 15 250 20 30 min each side
Etched Ni foil 07} 15 250 20 30 min each side

2.4 CHARACTERIZATION TECHNIQUES

241 SEM
Morphological and compositional analyses were conducted using a field emission scanning electron
microscope (FESEM-FIB, Carl Zeiss Auriga Crossbeam microscope) with energy dispersive X-ray spectros-
copy (EDS, Oxford XMax 150). These tests were performed in CENIMAT-i3N (FCT-UNL).



242 AFM
The surface roughness of the electrode was obtained using an Asylum Research MFP-3D Standalone
(Oxford Instruments). Topography was recorded. Images were exported using Gwyddion software. These tests
were performed in CENIMAT-i3N (FCT-UNL).

2.4.3 Contact angle
The surface wettability was studied using contact angle (Dataphysics OCA15plus) according to the
sessile drop method. These tests were performed in CENIMAT-i3N (FCT-UNL).

2.4.4 Cross-cut test
To evaluate the adhesion between the coating (done in section 2.4.1) and the etched current collector,
a cross-cut tester (TQC CC2000 Cross Cut Adhesion Test KIT) with 2 mm teeth distance in the cutter was
used. A scheme of the procedure applied is shown in Figure 7. The current collector/carbon coating interface
adhesion was tested under two conditions: 1) with the dry electrode and 2) with the wet electrode after 10 days
soaking in the used electrolyte (Figure 7b)). The set of rules to determine the adhesion strength using this
equipment are provided in annexes (Figure 28). These tests were performed in C2C-New Cap.

Testing procedure a)

Adhesive tape «

/
Coati’ng Curent collector

vt

Tests performed 1

Dry electrode 2 @ For 10 days

1. Testdry clectrode after coating
2. Test electrode after 10 days

soaking in KOH » Coated
electrodes
Bathof |
clectrolyte
b) After 10 days perform the cross-
Alfler test cut test

Figure 7- a) testing procedure for the crosscut test and b) parameters used for the tests performed.

2.5 ELECTROCHEMICAL ANALYSIS

2.5.1 Carbon coating process
All the treated and reference substrates were coated with a carbon slurry made using a C2C-New Cap
formulation. After coating, the electrodes were dried in a convection oven at 80°C for 30 minutes. The average
total thickness of the electrode with the coating was 100-125 pum. To proceed to the cell assembly, the coated
substrates were cut with a size of 7x7,5cm?.



The cells were then assembled using the carbon coated current collector where all the etching tests
were performed as the working electrode and a Ni(OH). electrode as the counter electrode separated by a
polymeric separator. It was clamped properly to ensure the proper alignment of the electrodes. All the tests
were done in 7 M KOH electrolyte.

Two different methods were used to evaluate the adhesion property: 1) electrochemical measurements
and 2) through cross-cut tests.

2.5.2 Electrochemical testing procedure

The electrochemical analysis was performed in a 3-electrode setup to obtain an in-depth study of the
active material and to have information on the individual electrode without interference from the electrochem-
istry of the other electrodes, in this case, the carbon adhesion to the current collector[26]. The measurement
was performed in a 3-electrode setup in the Gamry 5000E potentiostat. The developed carbon electrode was
used as the working electrode, nickel hydroxide as the counter electrode, and a saturated calomel electrode
(SCE) as reference. It was decided to use the Nickel-based electrode (supplied by C2C) as a counter electrode
to reduce the number of gas bubbles released by this electrode, which could interfere with the electrochemical
experiments. The testing procedures are detailed in Table 5. The electrochemical analysis was performed in

C2C-New Cap.
Table 5- Electrochemical testing procedure.

Testing procedure
1) Electrochemical
impedance spectros-
copy (EIS)
2) Cyclic voltamme-
try (CV)
3) Conditioning

4) EIS

5) CV

6) Open circuit po-
tential (OCP)
7) EIS

8) Charge-Discharge
(CD)

Testing parameters

At OCP in the frequency
range of 100 KHz to 1 mHz

In range of 0 to -1V at scan
rates: 10, 30, 40, 50, 100 mV/s
30 minutes at a fixed potential

of -1.2V

Set fixed potential of -1.2V in
the frequency range of 100
KHz to 1 mHz
In range of 0 to -1V at scan
rate: 30 mV/s

For 3 hours

At OCP in the frequency
range of 100KHz to 1mHz
Only for the best performing
cells. 2000 cycles

Comments
To obtain the interfacial resistance - ESR.

0 to -1V is the obtained operating potential window

Outside the operating potential window where the stability
towards the materials is lower and thus the CC/activated
carbon interface is less stable
To evaluate the ESR with the cell under fixed potential.

To infer the decrease in performance (current) after the de-
stabilization of the electrode due to conditioning outside
the potential window. This plot should be compared to the
one at the same scan rate from step 2)

To stabilize the cell

To evaluate a possible increase in the resistance due to de-
stabilization of the electrode.

To check capacitance, cycle stability, and coulombic effi-
ciency
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3 RESULTS AND DISCUSSION

3.1 PHYSICO-CHEMICAL CHARACTERIZATION

The focus of this thesis was to improve the nickel foil/active material adhesion through roughening the
nickel foil surface, i.e., increasing the surface area of the nickel foil. To that end, efforts were made to find the
optimum etching conditions employing chemical, dry, and a mix of both chemical and dry etching. In this
section, the Physico-chemical characterization of the different etched samples will be discussed, through SEM,
AFM, and contact angle. Further, the cross-cut test results will also be detailed, to find the degree of adhesion
of the active material to the current collector. Finally, the electrochemical analysis will also be presented and
discussed to have a better understanding of the etching phenomena and resulting roughness.

3.1.1 Chemical and dry etching

All the etched samples were characterized through different tools detailed in the discussion section.
Ni foil without any etching treatment was considered as the reference sample and is referred to as “Reference”
in the document and used for comparison with other treated Ni foils. Ni foil with an adequate adhesion treat-
ment provided by C2C is referred to as “Benchmark”. In this work, the benchmark CC was evaluated to infer
if the etchings performed could match this solution. As stated before, three different chemical etching solutions
were employed in this work: HCI/HNOs (aqua regia) at 4:1 ratio; H.SO4/H,0/H,0 at 4:1:15 ratio and FeCls
at 15% and 30% concentration. Figure 8 illustrates the etching process using agua regia. On treating the Ni
foil in the acidic solution (step 1 in Figure 8), at first, the nickel gets oxidized (step 2 in Figure 8) which
further leads to the dissolution by forming the corresponding salts. As a result, the process makes the surface
rougher (step 3 in Figure 8) [11]. Etching time and temperature were varied to obtain the optimum results.
The results obtained from each solution are presented in this section.

Chemical etching time

Oxidation of Ni — Dissolution of Ni -
Etched rough surface

Ni foil current
collector

Figure 8- Schematic representation of chemical etching process using aqua regia.

i.  Characterization on Reference CC
At first, the reference electrode was characterized to make a comparison with the treated CC. The
resulting SEM analysis is presented in Figure 9. The reference image shows no apparent roughness at both
magnifications (Figure 9a&b), confirming that it is a flat surface. At higher magnifications, there appear to
be some wrinkles in the foil.
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a) Reference CC

Figure 9 - SEM images of a & b) Reference CC at different magnifications.

ii.  Characterization of HCI/HNO3 (4:1) treated CC
The possible reactions on the Ni-surface on immersing in the acidic solution are given below [68—70],
Ni+ NO3 + 4H* < Ni3* + 2H,0 + NO (1.2)
Ni3* + 4 Cl- s NiCly (1.2)

And the overall reaction
Ni + HNO; + 4HCl = HNiCl, + 2H,0 + NO (1.3)
In this acidic solution, HNO; acts as an oxidizer and oxidizes Ni following the reaction (1.1). In the
subsequent step, the chloride ions (HCI) react with the oxidized Ni, reaction (1.2), to form a complex ion that
dissolves nickel from the surface of the foil. In this study, the time was optimized to avoid too severe or too

mild effects. The optimum time was 10 minutes which was verified from cross-cut and electrochemical tests
elaborated in the following section.

a) Reference CC

) HCVHNO,— Best conditions

Y e

" A
Figure 10- SEM images of a) reference CC and b &c) etched HCI/HNOs .

Figure 10 shows the SEM images on the reference current collector (Figure 10a) and the exposed sample
to the aqua regia (Figure 10b&c). After immersed in the solution for the optimal time of 10 minutes, the
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etching became visible at this magnification through some pits. However, this apparent roughness was not
uniform on the surface. There was a slight improvement in the electrochemical performance, possibly due to
the partial etching that occurred. The pits observed for this etching time could be attributed to a starting point
of the complete nickel dissolution. These pits, circled in Figure 10c, have an apparent structure of crystallo-
graphic etched pits [71,72]. Therefore, this etchant solution seems to create sophisticated microstructures on
the nickel foil. Upon increasing the etching time, the whole nickel surface started to dissolve vigorously mak-
ing the foil very thin, which was not desired. These results also show that this solution leads to micro-scale
modifications in the surface, owing to the more acidic character of the solution (stronger etching) [51]. Also,
though etching occurred, the fact that it did not occur evenly along the surface could not enable an even an-
choring in the current collector and therefore may negatively affect the adhesion. It is also important to note
that this etching process requires proper handling and precautions as the solution used is very corrosive and its
fumes are very hazardous. In addition, the etching activity of this solution diminishes after a short time and
that could be a bottleneck in a scaled-up process. For these reasons, this solution was considered ineffective.

iii.  Characterization of H,SO4/H>0./H,0 (4:1:15) treated CC
In this solution, hydrogen peroxide acts as an oxidizer following the reaction (2.1) and further under-
goes dissolution in the presence of sulfuric acid by the reaction (2.2) [30,73]

Ni+ H,0, = NiO + H,0 (2.1)
NiO + H,50, = NiS0, + H,0 (2.2)
The overall reaction involved can be given as
Ni+ H,S0, + H,0, = NiS0, + 2H,0 (2.3)

g b s e i

#
A

Figure 11 - SEM images of a) Reference CC and b-c) CC etched with H2SO4/H202/H20 at different magnifications.

The etching time was varied, and the optimal time obtained was 10 minutes. The mass loss was
not noticeable after the etching process indicating it was not as vigorous compared to the HCI/HNO; etchant
solution. The SEM images of the etched and non-etched samples using this solution are demonstrated in Figure
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11. The formation of a rougher surface after the etching is clearly evident in the form of irregularly shaped
protrusions. The average size of the roughness created was calculated using ImageJ software and was around
12.2 um, a wide mismatch from the carbon particles (5.7 pum-value provided by C2C). The “mountains” and
“valleys” created are therefore oversized compared to the carbon particles. The etching rate does not seem to
be the same, since, in Figure 11b, the formation of deeper valleys is visible. However, at higher magnification,
the etching becomes more even on the surface. This sample has an increase in surface area at a higher magni-
fication but at a lower magnification the increase does not seem to be as big, and this may lead to a non-optimal
adhesion. The electrochemical analysis enabled to infer more conclusions regarding the effect of this etching
in the adhesion.

iv.  Characterization of FeCl;(15%b) treated sample
This solution is composed of dissolved ferric chloride in water. The pH of this solution was typically
lower than 7. In the etching process, at first, FeCls oxidizes Ni which on further reaction leads to its dissolution
as shown in the reactions (3.1) & (3.2), respectively [74-75] :

FeCl; + Ni —» FeCl, + NiCl (3.1)
FeCl; + NiCl — FeCl, + NiCl, (3.2)
a) Reference CC b) FeCl; — Best conditions

vl

Figure 12- SEM images of a) Reference and b-c) Etched CC at different magnifications in FeCls etchant.

The optimum parameter obtained using this etching solution was 15% concentration at a temperature of
70 °C for 5 minutes. This etching protocol is comparatively advantageous as it is a weaker acid and thus the
scale-up process is expected to be simpler. The SEM image of this sample is illustrated in Figure 12. At lower
magnification, it shows the etching has occurred uniformly throughout the exposed area (Figure 12b), and
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also there was a significant increase in the surface area. In this study, there was a considerable loss in mass
(almost 1g for the most aggressive conditions). This could represent a disadvantage given that the thickness of
the CC should be optimal, otherwise there is a chance of increasing the ohmic resistance as well as breaking
the foil. However, electrochemical results (detailed in section 3.4) evidenced no deterioration in the electro-
chemical performance. Theoretically, the increase in roughness increases the surface area [11]. When the slurry
is then coated, a higher surface area offers more contact points and improves the adhesion strength. Therefore,
the higher roughness in this etched foil can increase the surface area and offer more contact points. The rough-
ness created was in the form of uniform protrusions with some surface step edges as visible in Figure 12c. In
addition, the average microstructure size was 7.1 um (shown in annexes, Figure 29) almost matching the used
carbon particle size and satisfying the assumption that the roughness created would increase the adhesion by
the effect of “trapping” the carbon particles tightly and thus enhance the adhesion strength.
The AFM measurements on etched CC using FeCls etchant are below.

Opm 1 2 3 4
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Figure 13- Gwyddion treated images of AFM topographical measurements on FeCls -70°C for 5 minutes etched CC (a & b).

Figure 13 shows the topographical measurements of the chemical etched CC using FeCls-best condi-
tions. It can be seen that the foil has improved roughness since the untreated metal foil is expected to be a very
smooth surface, as some studies show for other metal foils [46]. Also, the AFM topographical image is coher-
ent with the SEM results showing the uniform roughness validating that the etching took place along the entire
surface. It seems that the roughness increased by the etched CC with FeCls, created a mountain-like and valley-
like topography, with an overall higher surface irregularity. The surface roughness was evaluated by the root
mean square (RMS) values. The obtained value for the FeCls etchant solution was 88.14 nm. According to
C2C, this value is within or higher than CCs showing satisfactory adhesion in previously tested experiments.
Therefore, it is conclusive to say that the FeCls solution based etched CC holds potential in improving the
adhesion of the active material to the CC. However, the etched sample has marked irregularities in terms of
mountains and valleys.

3.1.1.5 Characterization of dry-etched CCs
Dry etching was performed by plasma process bombarded with Ar and O gases. It was done in two
different ways: 1) Cleaned Ni foil was exposed to the Argon or O, plasma and 2) The Ni foil was first etched
with the H2SO4/H,0,/H,0 etchant solution and then exposed to Ar and O gaseous plasma. The etchant solu-
tion used in this case was the best conditions of H2SO4/H202/H20. The mixed procedure of chemical and dry
etching was experimented with the idea to further improve the chemically etched electrode after applying the
gaseous plasma to the etched surface.
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a) Reference CC b) Dry etching — Argon

Figure 14- SEM images of a) Reference CC; b) dry etched CC using Argon.

The results are presented in Figure 14. The SEM image on etched CC (Figure 14b) demonstrates that
there was no roughness observed on the surface after the plasma etching of the studied gases (Ar and O2). To
overcome this, more power and/or etching time could have been employed. Also, literature suggests other
gases that can etch the surface but could not be employed in this work (Cl, and NH3 [76]). The SEM image is
relative to the Argon etching and it is possible to see that there is no apparent difference between the etched
CC and the reference. However, through plasma etching, the adhesion can increase not only due to the rough-
ness created[11]. This possible outcome was also analyzed through the electrochemical analysis.

The EDS analysis performed on the dry etching CCs also showed no residues of the etching procedure
(annexes, Figure 30, Figure 31, Figure 33, Figure 34)

3.1.2 Screen-Printing

Some CCs were selectively etched by putting a mask on it through screen-printing. The idea behind

this was to create a pattern in the Nickel foil. The mask used was provided by FCT-NOVA. The detail regard-
ing the mask is presented in the annexes (Figure 27)

a) Reference CC b) Screen-Printing CC

20 pm 1 mm
— e

S4 20 pm i

-

Figure 15- SEM images of a) Reference CC b & c) Screen-printed and etched CC using FeCls etchant at different magnifications.

16



SEM was performed on the masked and the etched sample and is shown in Figure 15. Non-etched
reference CC is also presented for comparison. The etching was performed under optimized conditions i.e.,
FeCls; at 70 °C for 5 minutes. It is evident from the image (Figure 15: ¢ & d) the formation of rougher surfaces
in the unmasked region. It was also found that, even on putting two layers of masking, the acid penetrated
through the resin and partially etched the undesired region. Also, through EDS analysis (Figure 16), it was
possible to see the presence of titanium on the Ni foil surface. This means the mask containing the Ti particles,
contaminated the Ni foil surface when treated with the acid, and these particles were not successfully removed
with acetone. To conclude, screen-printing did not bring any significant advantages to the etching process.

DL b)

1755 et et () L O Wt o ) Mt I X e 2 o Iy
2 4 6 8 10 12 14

Figure 16- EDS test performed on the screen-printed CC. a) EDS spectrum, b) EDS layered image, c) EDS ele-
mental mapping

3.1.3 Calendaring

Electrodes are generally calendared after coating the slurry to enhance its adhesion to the current col-
lector and also to make electrodes uniform and smooth [11]. However, in this work, the calendaring approach
was applied to generate the roughness to the Ni-foil surface using Ni-foam as a template. In that process, a thin
Nickel foil (thickness 50 pum) was sandwiched between Ni foam as illustrated in Figure 17. Then, the foil was
pressed by calendaring it. The visual image illustrated the roughness on the surface at macroscale. The rough-
ness size was measured using ImageJ software and was found to be an average of 503 pum pore sizes (annexes,
Figure 29). It is worth noting that this size is 100 times bigger than the carbon particle size. This mismatch
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between the pores created by the calendaring and the carbon particle size can have a negative impact on the
adhesion, as will be seen in the electrochemical analysis section.

Calendaring rolls

Figure 17- Schematic of the calendaring process employed to increase the roughness.

3.2 CONTACT ANGLE

The contact angle is a simple technique that is used in the study of surface engineering [77]. It provides
information on the wettability of the current collector. Depending on the nature of the surface, the attractive
force between the liquid molecules can be greater or smaller than the attractive force between the liquid mol-
ecule and surface interface, which determines the contact angle. The higher the surface energy, the larger the
attraction of the liquid to the surface and higher the wettability, with a contact angle < 90°. On the contrary,
the lower the surface energy, the drop of the liquid is repelled, and the contact angle goes higher than 90°. The
ability to wet a surface is closely related to the adhesion characteristics of the surface, so the better the wetta-
bility (lower the contact angle) the better the adhesion [78]. These tests were done to evaluate the wettability
of the treated electrodes in different etchant solutions. The contact angle measurement was done using DI
water.

It can be observed from Figure 18b that the reference electrode has a completely hydrophobic behav-
ior with a contact angle of 94°. In contrast, all the etched electrodes showed lower contact angles. The low
contact angle was even more evident on the electrodes etched with FeCls and H.SO4/H,0,/H20 etchant solu-
tions. The contact angle using FeCls; etchant solution was determined to be 27°. It was not possible to measure
on the electrode etched with H.SO./H,02/H-0 due to complete wetting, however, the contact angle was even
lower than the one seen for the case with FeCls. Furthermore, on the screen-printed and etched electrode, the
contact angle increased (Figure 18e) which might be due to the thin layer of unwashed resin on the surface,
containing TiO, nanoparticles, that reportedly slightly increased the hydrophobicity and therefore the contact
angle[79, 80]. The lower contact angle achieved after etching the Ni-foil is expected to improve the adhesion
and further electrochemical performance.
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Figure 18- Contact angle measurements on CC after etching in: a) HCI/HNOs (best conditions); b) Reference; c)
H2S04/H202/H20 (best conditions); d) FeCls (best conditions) and €) Screen printing and FeCls.

3.3 CROSS-CUT TEST

The cross-cut test is a very simple and effective method to assess the adhesion strength of the coated
carbon slurry. This test can be done on the dry as well as wet electrodes which provides information on the
degree of adhesion of active material to the CC [78].

The cross-cut test was performed on all the electrodes. Reference and benchmark electrodes were also
analyzed and compared. The tests were repeated on three different electrodes in both dry and wet conditions
to confirm the reproducibility of the result.

Two distinct observations were made when the test was done on the reference and benchmark elec-
trode. When the cross-cut was made on dry electrodes the adhesion seemed to be satisfactory on both reference
and benchmark electrodes, Table 6 (1a) and (1b). However, when the cross-cut test was done on the electrodes
after 10 days immersed in the electrolyte (details for this procedure are provided in the materials and method
section), the reference electrode showed a complete peeling of the coating as seen in Table 6 (2a). In contrast,
the benchmark electrode showed almost no flaking, meaning it has better adhesion and is the desired end
product after following different etching techniques in the study.

Table 6- Cross cut tests performed on dry conditions and for 10 days in KOH with SO classification for a) Reference CC and b)
Benchmark CC

Sample 1. Dry test 2. Test afterl0 ISO Classification for 10 days KOH

days in KOH

a) Reference 5 (A degree of flaking that cannot be classi-

fied under any lower value)

b) Benchmark 3 (The coating flaked along the edges of the
cuts partly — represents more than 15% is af-
Provided fected but no more than 35%)

by C2C

The cross-cut test results done on the electrodes made on chemically etched CC are presented in Table
7. The results reveal that the coating remains intact and showed good adhesion for all the electrodes in the dry
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condition. However, the cross-cut test on the electrode where CC was etched in FeCls solution showed im-
proved adhesion even after putting the electrode in KOH solution for 10 days — see Table 7 (2c). It is worth
pointing that this result surpassed the adhesion strength of even the benchmark electrode as evidenced from
the cross-cut results shown in Table 6(2b) and Table 7(2c). These improved results can be mainly attributed

to the uniform roughness generated on the current collector after etching it in FeCls (Figure 12b).

Table 7- Cross-cut tests performed on dry conditions and for 10 days in KOH with ISO classification for a)HCI/HNOs for 10
minutes; b)H2504/H202/H20 for 10 minutes and c)FeCls for (70°C for 5 minutes)

Sample 1. Drytest | 2. Testafter 10 days | ISO Classification for 10 days KOH
in KOH
a) Best conditions — S
HCI/HNOs (10
minutes)
b) Best conditions 5

H>SO04/H202/H,0
(10 minutes)

c) Best conditions —
FeCls (70°C for
5 minutes)

0 (None of the squares of the lattice
is detached)

The cross-cut tests were also done on the electrode where the CC was dry etched. The results demon-
strated in Table 8 showed no peeling in the dry state, similarly as for the other electrodes tested but it com-
pletely peeled off when the electrode was subjected to the electrolyte for 10 days (Table 8 (2)). The results
can be related to the SEM images (Figure 14) where no roughness was observed on the surface after exposure

to dry etching and that could be one possible reason for weak adhesion to the substrate.

Table 8- Cross-cut tests performed on dry conditions and for 10 days in KOH with 1SO classification for a) Argon etching; b) Argon
+ etched (H2S04/H202/H20 for 10 minutes) ¢) Oz etching d) Oz + etched (H2S04/H202/H20) for 10 minutes

Sample 1. Dry test 2. Test after 10 I1SO Classification for 10
days in KOH days KOH
a) Argon 5
b) Etched foil (H2SO4/H202/H:0 for 5
10 minutes) + Argon
C) 0O, 5
d) Etched foil (H2SO4/H202/H-0 for 5
10 minutes) + O;

The cross-cut test on electrodes made on screen-printed and etched (using FeCls etchant) CC (Table
9) also did not show any improvement in the adhesion of the coating.
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Table 9- Cross-cut tests performed on dry conditions and for 10 days in KOH with ISO classification for a) Screen-printing and
FeCls etching for 70°C for 5 minutes

Sample 1. Dry test 2. Test after 10 ISO Classification for 10
days in KOH days KOH

a) Screen Printing +
FeClsetching | | i
(70°Cfor 5 Ll i
minutes) Ban '

3 4/5

Sam |
|

The electrode made on the calendared and etched CC (Table 10) also didn’t show any improvement

to adhesion as shown by the cross-cut test. This electrode has a similar peeling behavior as the reference.

Table 10- Cross-cut tests performed on dry conditions and for 10 days in KOH with ISO classification for a) Calendared not etched
sample b) Calendared and etched (FeCls etching for 70°C for 5 minutes).

Sample 1. Drytest | 2. Test after 10 days | 1SO Classification
in KOH for 10 days KOH
a) Calendared not etched o 5
b) Calendared + etched (FeCls 5

at 70°C for 5 minutes)

*The tests from both etching solu-
tions (FeCls and
H2S04/H202/H20) showed the
same results. For this reason, only
FeCls is presented

3.4 ELECTROCHEMICAL CHARACTERIZATION

The electrochemical characterization was carried out on all the etched samples. The tests were per-
formed at ambient temperature (around 25°C). The dimensions of the electrodes were 7 x 7.5 cm?. Figure
19a) demonstrates the arrangement of each component used for constructing electrochemical setup and Figure
19b) shows the 3-electrode setup used for the electrochemical measurements.
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Figure 19- a) Schematic illustration of the cross section of cell setup; b) 3 electrode setup used for the electrochemical
testing.

Electrodes were prepared on all the chemically and dry etched samples and characterized through
electrochemical measurements by performing cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD), and electrochemical impedance spectroscopy (EIS) to understand the improved adhesion of the active
material to the current collector. These measurements were also performed with the aim to identify the best
etchant solution implemented throughout the work plan. Electrochemical measurements were also done on the
reference and benchmark samples and compared.

In order to diminish the errors associated with the testing setup, reproducibility was tested. Within all
the different etching employed, over 30 current collectors were tested. It was concluded that when testing a
current collector from the same batch (same etching procedure and same coating procedure) under the same
conditions (same setup, same electrolyte volume), there was an error in the ESR values obtained of +0.008Q.
For the CV measurements at the same scan rate, the error was +0.82V. This error can be due to the pressure
applied, the amount of electrolyte used, as well as other factors related to the testing procedure. This has to be
considered also when analyzing the results.

EIS measurements were done on the electrodes to interpret their resistive property. The hypothesis is
based on the fact that increased roughness improves the adhesion and thereby lowers the interfacial resistance
between the current collector and the active material.

EIS is composed of Nyquist and Bode plots. The Nyquist plot is the representation of the real vs.
imaginary part of impedance as a function of frequency. Figure 20 shows the obtained plot for an EDLC type
electrode as well as the ideal plot for the same. Ideally, an EDLC has a nearly vertical line with a shift on the
x-axis (due to the ESR) and the non-vertical component at intermediate frequencies originates due to ion
transport limitations [81]. However, for some EDLC electrodes, the Nyquist is similar to Figure 20. In this
plot, at high frequency (Ra) there is information on: (1) the bulk electrolyte resistance, (2) the resistance due
to the ESR (the sum of resistance of the bulk electrolyte, connecting wires, and resistance originate from the
type of CC used). Towards intermediate frequencies, the diameter of the semicircle (Rag) has been attributed
to (1) electrolyte resistance (in pores) (2) contact resistance between electrode and current collector, (3)
charge transfer resistance. This charge transfer resistance in EDLC corresponds to the sum of the electrolyte
resistance in the porous structure of the electrode, alongside with the electrode resistance, and the contact
resistance between the electrode and the current collector.30 The mid-frequency region (Rec) gives infor-
mation on diffusion limited processes. A steep rise parallel to the imaginary axis at the low-frequency region
indicates a capacitive behavior [12, 81, 82].
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Figure 20- Schematic of typical Nyquist plots for an EDLC electrode. The inset shows a schematic representation
of the Nyquist plot of an ideal capacitor (line 1) and electrochemical
capacitor with porous electrodes (line 2). Retrieved from [81].

EIS measurement was done on all the electrodes made after etching the current collector. The Nyquist
part of the EIS performed at OCP is presented in Figure 21. Figure 21a) presents the Nyquist result of elec-
trode made on CC etched using H>SO4/H>0,/H,0 solution for different times. The results from the high-fre-
guency response clearly evidenced the low resistance for the electrode etched for 10 minutes. Furthermore, the
electrode etched for 10 minutes also showed an improved current response in CV measurement when com-
pared to other electrodes at 30 mV s(Annexes, Figure 35b) and the higher phase angle in the bode plot
(Annexes, Figure 35b). The impedance results on electrodes made after etching the CC in FeCl; for 2, 5, and
10 minutes at 40 and 70 °C are presented in Figure 21b). The CC when etched for 5 min at 70 °C showed
comparatively lower ohmic resistance, around 0.004Q lower than the second-best solution (10 minutes at
40°C). Nevertheless, and considering that there is not a correlation for the best solution (more time does not
induce the best etching as well as more temperature) the errors previously explained related to the testing setup
can influence these results since between the best solution and the worst there is a 0.008Q2 difference, which
corresponds to the error in the setup. It is also evident from the magnified view of the Nyquist plot that the
resistance of the best electrode made after etching in FeCls has almost one order of magnitude lower resistance
than the electrode made after etching in H2SO4/H20,/H.0 solution. The impedance results in the low-fre-
guency region showed more inclination towards the imaginary axis which was also reflected in the bode plot
possessing a high phase angle around -90° showing very good capacitive property (Annexes, Figure 35d). The
results on electrodes made after etching CC in HCI/HNO3 solution for 3, 5, and 10 minutes are given in Figure
21c). The results showed that the contact resistance for the electrode etched for 3 minutes is slightly lower
(seen by the intersection of the plot with the x-axis) however the ohmic resistance, which mainly comes from
CC and the active material interface is much lower for the electrode made after etching CC for 10 minutes
(semicircle). This was further confirmed by CV measurements that showed a higher current response for the
10-minute electrode (Annexes, Figure 35a). Though the results for the 10 minutes in this etching solution
demonstrated an improvement by a decrease in the interfacial resistance, it is still higher when compared to
the results obtained in FeCls case ( Figure 21b)). The EIS results on electrodes made after physical and chem-
ical + physical etching of CC are presented in Figure 21d). There is no significant improvement observed in
the results obtained on the electrodes after etching only through Ar bombardment and after the chemical etch-
ing + Ar bombardment. Also, the resistance obtained for the electrodes in both cases are higher than the elec-
trodes made after etching CC in FeCls solution- refer to Figure 21(b & d).
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Figure 21- Nyquist plots on a) H2SO4/H202/H20 etchant solution at different times; b) FeCls etchant solution at different times and tempera-
tures; ¢) HCI/HNO;s etchant solution on different times and d) Argon etching with and without chemical etching.

Table 11 summarizes the best etching parameters obtained from the EIS and CV results, based on the
conclusive remarks described above.

Table 11- Best conditions obtained for each etching solution.

Etching Solution Best conditions
H2S04/H202/H,0 10 minutes
FeCls; 5 minutes at 70°C
HCI/HNO3 10 minutes
Dry etching Etched (H2SO4/H20/H20) + Ar

Figure 22a&b shows the results for the calendared CCs and etched (FeCls and H.SO./H>0,/H,0).
The EIS analysis shows that a smaller gap in the calendar shows better results, with both etchant solutions.
However, the electrochemical results did not improve much when compared to the electrode made on directly
etched CCs. This implies that the calendaring process did not bring any significant difference in the electro-
chemical results.

Selective etching was done on the CC after screen-printing on it in the chosen pattern, composed of
small circles where the resin would be fixated. The etching was done using FeCls solution. The EIS measure-
ments done on the electrode prepared on treated CC are given in Figure 22c. It is found from the Nyquist and
Bode results (annexes, Figure 36) that there was not an improvement in the interfacial resistance (ESR) after
screen printing followed by etching the CC compared to FeCls etching treatment. Therefore, it can be said that
the screen-printing + etching process was not an effective approach and didn’t improve the adhesion of active
material to the CC.
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Figure 22- Nyquist plots for a & b) Calendaring process with previous etching from H2SO4/H202/H20 and FeCls etchant solutions.
In ¢) Screen-printing process followed by etching in FeCls etchant solution.

The EIS performance of all the electrodes prepared after etching the CC under the best conditions
are compared in Figure 23a). It is clearly evident from the high-frequency results of the Nyquist plot that all
the electrodes made on etching the CC in different etchant solutions have lower ESR meaning better perfor-
mance compared to the electrode made on Ni-foil without any etching denoted in the plot as “reference”.
Among the electrodes prepared on etched CC, FeCl; etchant solution seems to be the most promising as the
electrochemical test on the electrode made on FeCls etched CC evidenced the lowest ESR. The good result
obtained in the FeCls case could be possibly due to the improved adhesion which was clearly observed from
the cross-cut test (Table 7¢). This improvement could be attributed to the homogenous roughness generated
on the surface after etching as evidenced from SEM and AFM images (Figure 12 and Figure 13) and also to
the significant improvement in the hydrophilicity of the surface after the etching where the contact angle meas-
urement evidenced a sharp lowering in the angle: 94° in reference vs. 27° after FeCls etching (Figure 18).

The electrochemical results on benchmark and FeCls etched CC electrodes are compared and presented
in Figure 23(b-d). The Nyquist plot along with the bode plot indicated slightly better results for the FeCls-
best conditions, with a lower ESR (Figure 23b&c)) and a higher phase angle (Figure 23d)), indicating also a
more capacitive behavior. These results were coherent with the physical characterization (SEM and AFM),
which showed that the FeCls had a surface more inclined to improve the adhesion and therefore improve the
electrochemical performance.
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Figure 23- Comparison plots of a) the best conditions obtained for each etching solution and the reference electrode; b-d), present the
electrochemical impedance spectroscopy for the best conditions among all the etching solutions (FeClz at 70°C for 5min) and the bench-
mark electrode.

EIS data obtained from the measurements done on the electrodes made after etching the CC in the best
etching solution i.e. FeCls at 70 °C for 5 min and reference were fitted using a suitable equivalent circuit. The
equivalent circuit was used to interpret the EIS data and quantify the ESR values. The equivalent circuit used
in this work is very similar to a Randles circuit. It is composed of Ry, representing the ESR, followed by a
constant phase element (CPE), representing the double layer capacitance, and in parallel, a resistor R; that is
attributed to the charge transfer resistance in series with an infinite Warburg element, a specific electrochem-
ical element of diffusion. The fitting was done using the Gamry Echem Analyst software properties [83, 84].
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Figure 24- Results for the fitted curves are presented for a) the best etching solutions: b) the reference electrode. c) equivalent cir-
cuit model used for the fittings.

The fitted results along with raw data for the FeCls-best condition and the reference electrodes are
presented in Figure 24a) and b). The ESR value which is attributed to R; in the circuit was obtained to be
0.008 Q for the FeCls, and 0.021 Q for the benchmark electrode. These results further strengthen FeCls as
a better etchant solution resulting in lower ESR mainly originating from the increased adhesion.

To further evaluate the adhesion strength, the electrode on FeCl; etched CC, benchmark and reference
were subjected to aggressive electrochemical testing and the performance was compared. To test the adhesion
in the aggressive condition, the electrodes were conditioned at -1.2 V which is beyond the stability zone for
the carbon-based materials, and kept for 30 minutes. Further CV and EIS were performed on the electrodes
before and after this test in a stable potential window of -1 to 0 V at 30 mV/s to monitor the changes in the
performance and the respective results are presented in Figure 25. From that, it could be concluded that the
sample with the lowest decrease in peak current would be the best, at the same scan rate. The benchmark has
the lowest decrease in peak current after the aggressive test, contrasting with the reference electrode, whose
pronounced decrease is visible. The FeCls also shows a decrease in the peak current, even though it is not as
pronounced as the reference. The response curve does not have a rectangular shape, indicating an increase in
the ESR after the aggressive test. The reason for this decrease could be ascribed to the peeling of the coating
due to the stress imposed on the sample with the aggressive test. As such, in this studied parameter the bench-
mark sample had better performance. This was also cross-checked with the impedance results that were per-
formed before and after the aggressive test. These results are in annexes Figure 38. For the reference electrode,
it was not possible to present the results due to the complete peeling of the coating. The plot shows that, in
comparison with the benchmark, the FeCl; performance decreased a lot after the aggressive test, with a much
higher ESR than the benchmark and the same sample at OCP. This is therefore coherent with the CV analysis.
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Figure 25- CV for a) FeCls, benchmark and reference electrode at 30 mV/s before conditioning at -1.2V or 30
minutes and b) FeCls, benchmark and reference at 30 mV/s after conditioning at -1.2V for 30 minutes.

Cyclic testing was further done on both electrodes- Reference, and FeCls etched CC (Figure 26). The
electrodes were cycled in a three-electrode setup up to 2000 cycles at 1 A. The parameters such as the evolution
of capacitance, coulombic efficiency, and stability with cycling were monitored. The capacitance was calcu-

lated from the discharge curve using C =1 X AA—;(Equation 1Equation 1.

AT .
Cc=1Xx F(Equatlon 1)

Where 1 is the constant discharging current (A), AT is the discharge time (s), and AV the potential
window (V).

The coulombic efficiency was calculated using the ratio of charge and discharge time according to
n= i—’z x 100% (Equation 2Equation 2. ([85, 86]):

n = 2 100% (Equation 2)
Cc

Where t, and t. refer to discharge and charge time, respectively.
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Figure 26- Capacitance and coulombic efficiency for a) the reference CC ; b) the FeClz electrode up to 2000 cycles. Inset show-
ing the charge-discharge profile after a certain number of cycles.

The average capacitance obtained for the reference was 16.5 F, and 25.3 F for the electrode on FeCls;
etched CC. The electrode made on FeCls etched CC presented higher capacitance compared to the reference,
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in one way indicating the improved adhesion of the material to the current collector. This electrode also showed
better results compared to the electrodes made on CC etched with other etching solutions (shown in Annexes,
Figure 39). However, its stability was not as good as desired, since it dropped from 34 F in the first cycles to
19F after 2000 cycles. Furthermore, the CD plots in the inset of the graphs show an IR drop for all the tested
samples, indicating higher resistive property than desired. This is visible in the FeCls etchant solution, which
was not expected. This drop was similar among all the tested samples and increased with the increase in cycles
[85]. Therefore, the electrode stability upon etching should be further studied and improved.
The main results obtained for the above graphs are summarized in Table 12.

Table 12 - Results obtained for the best etching solution and the reference and benchmark

Etching Solution ESR(Q) | Average Capacitance(F) Average Coulombic effi-
ciency (%)
Reference 0.021 16.5 99.5
FeCls- Best conditions | 0.008 25.3 92.8

With this conclusion, which shows that the best etching solution was the FeCls etchant at 15%, a
simple estimation on the implementation price for scaling-up can be done. This estimation considers the quan-
tity of solution that is used per sample, with which frequency the etching solution has to be replaced, and the
price per kilo of the etchant solution at a purity of at least 98%. With this, this work enabled to conclude that
the estimated price of the etching solution alone was 23€/m? of the metal foil.

Despite this representing a significant price increase, strategies to overcome this could be further stud-
ied and employed. During the course of this work, there was already a successful attempt to reduce the con-
centration of the etchant solution and increase the temperature, achieving satisfactory results. This was
achieved by reducing the concentration from 30% to 15%. Therefore, reducing further from 15% to 7.5 % may
lead to similar results if time and temperature are adjusted.

Also, recycling technigques have been reported and could be adopted in this case to tackle the cost problem,
as well as reducing the polluting residues[87]. Recycling techniques that can recover the waste solution, as
well as the metal, consist of iron powder replacement method, ionic electrolysis membrane method, and crys-
tallization method, among others. However, these processes are very complex to implement into a manufac-
turing line and have some disadvantages associated. Literature highlights the crystallization method as a very
advantageous one, since it does not introduce additional substances, has a low operating temperature, can
improve the operating environment, and can accomodate modifications in order to ease the scale-up process.
According to X. F. Miao et al, this upgrade would be able to recover up to 56% of the etchant solution using
the process described in literature. Such an upgrade and development would therefore hold the potential to
even reduce the cost to 10€/m? per recycling cycle.
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4 CONCLUSIONS AND FUTURE PERSPECTIVES

The main goal of this master’s thesis work was to develop a surface treatment technique on the nickel foil
to increase the adhesion of the carbon coating on the current collector (CC) to obtain low interfacial resistance
as well as to improve the long-term stability of asymmetric supercapacitor. This study focused on generating
roughness on the CC employing many etching techniques.

The etching effects were studied by varying both etching time and temperature. The Physico-chemical
characterizations were performed on etched CC following SEM and AFM to analyze the roughness created on
the CC. Further, electrodes were made on all etched CC and cross-cut tests were done to check the adhesion
of the coating. Electrochemical measurements were made by performing EIS and CV to evaluate the changes
in the performance after CC surface treatment. This test also guided in finding the optimum parameter for each
etching procedure. The results were also compared to the benchmark i.e., electrodes with satisfactory adhesion
provided by C2C for comparison of results, and reference i.e.,carbon coated on CC with smooth surface and
without any prior treatment. Among the chemical etching solutions tried, the best result was obtained for a
15% concentration of FeCl; at 70°C for 5 minutes. SEM and AFM evidenced a homogenous roughness created
on the surface which possibly helped in improving the adhesion as evidenced from the cross-cut tests. EIS
results further showed a significant improvement in the performance compared to the reference electrode
where ESR values lowered (0.0082 in FeCl; etched electrode vs. 0.021 Q for reference electrode). The results
after etching the CC in FeCls also showed even better results to the reference electrode in terms of capacitance
(51% increase) even though the coulombic efficiency performance had not improved. This evidenced the pos-
itive impact of the etching process prior to coating the carbon on it.

Other than chemical etching, screen printing was implemented to create a pattern that could mimic the
size of carbon particles and thus create better anchor points between the Ni-foil and the carbon material. This
idea was applied to improve the performance further than what was obtained after only etching in FeCls. How-
ever, the etching solution penetrated into the resin and thereby the results did not show any improvement on
the performance. The screen-printing etching process carries a room of improvement where a hydrophobic
inert polymeric layer can be patterned over the thick resin mask to inhibit the solution from penetrating
throughout. Other than screen printing, plasma etching was also experimented mainly because it holds the
possibility of scaling up the process. However, the results obtained from physical characterization on CC,
cross-cut tests and electrochemical results on the electrodes were not satisfactory.

In conclusion, the best result in terms of adhesion, cross-cut tests and electrochemical measurements
obtained was from chemical etching using 15% FeCls at 70°C for 5 minutes. This thesis thus allowed for a
fitting solution to enhance the adhesion between the current collector and the active material for a better su-
percapacitor performance. The results also enabled the correlation between the etching with the wettability of
the electrodes and its adhesion. Through this study, different information was compiled regarding the different
techniques available, their outputs, advantages, and disadvantages, backed up by the electrochemical analysis
and the physical characterization. Also, even though there is a scale-up ability for this solution, this should be
improved, taking in consideration that the price is not competitive with the solutions employed by C2C. Re-
garding this etchant solution, process issues can be a limiting factor (such as the need to always keep the
solution under high temperature for the etching). Safety may constitue a problem, even though this solution
was the safer among the chemical etchants.

Table 13 details the main conclusions above enlightened that were attained by electrochemical char-
acterization.
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Table 13- Main conclusions inferred from electrochemical analysis following the procedure detailed in Chapter 2

Testing procedure | Parameters obtained Main conclusions
1) Electrochemical Nyquist plot (from Best chemical etched sample (FeCls-best conditions) performed
impedance spectros- which value of ESR better than the reference electrode (ESR 2.6 times smaller)
copy (EIS) was retrieved), bode
plot
2) Cyclic voltamme- Peak current, capaci- Best performance for FeCls-best conditions. All etched samples
try (CV) tive behaviour performed better than the reference electrode.
4) EIS after aggres- Same as for 1 Decrease in performance in all the tested samples, that suggests a
sive test (30 minutes peeling of the coating.
at-1.2v)
5) CV after aggres- Same as for 2 Same outputs as for 4).
sive test (30 minutes
at-1.2v)
8) Charge-Discharge Capacitance, cou- H2S04/H202/H,0 had higher Capacitance, followed by FeCls by a
(CD) lombic efficiency, cy- difference of 0.1F. FeCls did not show the best coulombic effi-
cle stability ciency, but overall performance was satisfactory.

Lowest capacitances decrease in reference and HCI/HNO3-best
conditions samples (that also had lowest capacitances).

4.1 FUTURE PERSPECTIVES

Regarding the future prospects of this subject, all the processes employed could be further optimized
and improved. More chemical etching solutions [51], electrochemical etching or different gases in the dry
etching [87] could be further studied. To complement this study, different patterning techniques have also been
reported on different substrates and could be studied further, such as laser patterning, inkjet-printing and others
that could allow for the creation of microholes that would anchor the active material particles [61, 88, 89, 90].

Ni foil is a very attractive material as a current collector for supercapacitors due to its low price com-
pared to other substrates and its inertness. Therefore, other methods to create roughness, thus enhancing the
performance, are also being studied and have an optimistic future, such as physical exfoliation, a straightfor-
ward method using only a stamp to peel the material and without the need for a special apparatus [91]. Other
approaches to enhance the adhesion is also an emerging field. In the course of this work, it was intended to
study the UV treatment in the Ni foil and to analyse its effect on wettability and adhesion but due to the
COVID-19 lockdown this was not possible to do. Therefore, this would be of interest in future studies.

Within this framework, many other factors related to the adhesion can be studied and correlated, other
than the roughness of the foil (leading to a higher surface area), such as surface tension and wettability. Treat-
ments such as corona discharge can be used to improve the wettability and the surface tension. This treatment
is based on high-frequency discharges, that already showed promising results in terms of both performance
and scale-up ability [11, 92]. In this treatment, the substrate to be etched is bombarded with high-speed elec-
trons that cause the substrate modification [93]. This is very advantageous compared to plasma etching since
it can treat substrates of any size and shape.

Other factors that can impact the adhesion can be related to the binder amount in the active material
and the coating thickness of the same. Both these factors can also be studied and optimized.

Additionally, turning the plane foil surface into a porous one has been reported as a captivating per-
spective. This can be achieved through the construction of nanowires on the surface by different methods, such
as self-assembly [94].

Finally, it is of interest in future studies to find new and inventive ways to enhance the adhesion using
the above-described methods at an industrial level. This step is very important towards the production of su-
percapacitors with the performance proven in literature at a large scale. To this end, the lab scale processes
need to be studied and scaled-up.
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ANNEXES

MATERIALS
In this section, a list of the reagents used for this work is presented.

Table 14- Reagents used in this work, with abbreviation, purity, CAS and company.

Material Abbreviation Purity CAS Company
Hydrochloric HCI 37% 7647-01-0 Carl Roth
acid
Nitric acid HNO3 >60% 7697-37-2 José Manuel Gomes dos
Santos, Lda
Sulfuric acid H,SO, 96% 7664-93-9 José Manuel Gomes dos
Santos, Lda
Hydrogen per- H20: - 7722-84-1 José Manuel Gomes dos
oxide Santos, Lda
Iron Chloride FeCls >08,5%, 7705-08-0 Carl Roth
Potassium hy- KOH 85% 1310-58-3 Chemlab
droxide
Ethanol C2HsOH 96% 64-17-5 José Manuel Gomes dos
Santos, Lda
Acetone CsHsO 99.6% 67-64-1 José Manuel Gomes dos
Santos, Lda

OPTICAL MICROSCOPE
The images obtained were used to infer if the resin was well printed onto the foil using the optical micro-
scope (Olympus BX51) with the bellow described magnifications.

Figure 27- Optical microscope images of screen-printing sample before etching at a magnification of a)500 um and b) 500
pm.

CROSs-CUT TEST
The standard classification to evaluate the adhesion of the electrodes according to the 1SO stand-
ards is showed.
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IS0 Class: 0/ASTM Class: 58

The edges of the cuts are completely
smooth; none of the squares of the lattice
is detached.

ISO Class: 1/ASTM Class: 4B
Detachment of small flakes of the coating
at the intersections of the cuts. A cross-
cut area not significantly greater than 5%
is affected.

ISO Class: 2/ASTM Class: 3B
The coating has flaked along the edges
and/or at the intersections of the cuts. A

|
| al
.

cross-cut area significantly greater than
5%, but not significantly greater than 15%,
is affected. l ]

IS0 Class: 3/ASTM Class: 2B

The coating has flaked along the edges of

the cuts partly or wholly in large ribbons, 1

and/or it has flaked partly or wholly on dif-

ferent parts of the squares. A cross-cut

area significantly greater than 15%, but not l l
greater than 35%, is affected.

ISO Class:4/ASTM Class: 18

The coating has flaked along the edges of
the cuts in large ribbons, and/or some
squares have detached partly or wholly. A
cross-cut area significantly greater than
35%, but not significantly greater than 65%,
is affected.

A |

.

I1SO Class: 5/ASTM Class: 0B
Any degree of flaking that cannot even be
classified by classification 4.

Figure 28-Standard ISO classification for adhesion strength.

IMAGE J

The SEM images used to calculate the average portrusions size with Imagej are displayned in
this section.

a)

b)
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Figure 29- ImageJ measurements of avergae pore size for a)FeCls - best conditions; b)H2S04/H202/H20 - best
conditions and c)Calendared sample.

PHYsICAL CHARACTERIZATION -EDS
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In the following figures, the EDS analysis of the different etched CCs are showed.

a)

Figure 30- EDS test performed on the Argon etched CC. a) EDS spectrum, b) EDS layered image,
c) EDS elemental mapping.

C-K, Ni-KA

Figure 31- EDS test performed on the chemical (H2SO4/H202/H20 for 10 minutes) and Argon etched CC. a) EDS
spectrum, b) EDS layered image, ¢) EDS elemental mapping.
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Figure 32- - EDS test performed on the O2 etched CC. a) EDS spectrum, b) EDS layered image, c) EDS
elemental mapping.
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Figure 34- EDS test performed on the chemical (H2SO4/H202/H20 for 10 minutes) and Oz etched CC. a) EDS spectrum, b) EDS lay-
ered image, c) EDS elemental mapping.

ELETROCHEMICAL ANALYSIS

Both cyclic voltametry and EIS analysis was performed on the different etchant solutions at the
different emploted times.Here, these results are presented.
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Figure 35- Cyclic voltammetry and bode por for a) HCI/HNOs etched CC at different times, b) H2SO4/H202/H20
etched CC at different times, c) Argon etched CC, d) FeCls etched CC at different times and temperature.

Figure 36 shows the bode plot referent to the best conditions of the FeCI3 etching and its com-
parison with the screen-printing etched CC.
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Figure 36- Bode plot on FeCls etched CC and screen-printing +

Cyclic voltammetry at different scan rates for the cleaned and calendared CC is also showed.
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Figure 37- Cyclic voltametry at different scan rates for calendared

Here, the Nyquist plot comparison for before and after the aggressive test is showed.
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Comparison before and after conditioning at -1.2V for 30 minutes
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Figure 38- Nyquist plot for reference, benhcmark and FeCls (70°C for 5 minutes) before and after
conditiong at -1.2V for 30 minutes.

The capacitance and coulombc eficciency test for the H2SO4/H202/H-0 for 10 minutes etched CC and
HCL/HNO:s for 10 minutes etched CC is showed.
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Figure 39- Capacitance and coulombic efficiency for a) H2SO4/H202/H20 (10 minutes) etched CC and b) HCI/HNOs (10 minutes)
etched CC.
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